The Weyl semimetallic compound Eu2Ir2O7 along with its hole doped derivatives (which is achieved by substituting trivalent Eu by divalent Sr) are investigated through transport, magnetic and calorimetric studies. The metal-insulator transition (MIT) temperature is found to get substantially reduced with hole doping and for 10% Sr doping the composition is metallic down to temperature as low as 5 K. These doped compounds are found to violate the Mott-Ioffe-Regel condition for minimum electrical conductivity and show distinct signature of non-Fermi liquid behavior at low temperature. The MIT in the doped compounds does not correlate with the magnetic transition point and Anderson-Mott type disorder induced localization may be attributed to the ground state insulating phase. The observed non-Fermi liquid behavior can be understood on the basis of disorder induced distribution of spin orbit coupling parameter which is markedly different in case of Ir 4+ and Ir 5+ ions. Recently the physics of Iridium based oxides have created considerable excitement due to their fascinating electronic and magnetic properties originating from the interplay between spin-orbit coupling (SOC), electron correlation (U ) and inter-site charge hopping.
The Weyl semimetallic compound Eu2Ir2O7 along with its hole doped derivatives (which is achieved by substituting trivalent Eu by divalent Sr) are investigated through transport, magnetic and calorimetric studies. The metal-insulator transition (MIT) temperature is found to get substantially reduced with hole doping and for 10% Sr doping the composition is metallic down to temperature as low as 5 K. These doped compounds are found to violate the Mott-Ioffe-Regel condition for minimum electrical conductivity and show distinct signature of non-Fermi liquid behavior at low temperature. The MIT in the doped compounds does not correlate with the magnetic transition point and Anderson-Mott type disorder induced localization may be attributed to the ground state insulating phase. The observed non-Fermi liquid behavior can be understood on the basis of disorder induced distribution of spin orbit coupling parameter which is markedly different in case of Ir 4+ and Ir 5+ ions. Recently the physics of Iridium based oxides have created considerable excitement due to their fascinating electronic and magnetic properties originating from the interplay between spin-orbit coupling (SOC), electron correlation (U ) and inter-site charge hopping.
1,2 On account of the extended nature of the 5d orbitals of Ir, these materials are associated with wider electronic band (W ) and relatively weaker U and are expected to be metallic in nature. However due to large atomic number of Ir, the relativistic SOC plays an important role (in fact the energy scales of SOC and U are comparable in magnitude) which in tandem with U can lead to an insulating ground state. The classic example is the layered oxide Sr 2 IrO 4 with Ir 4+ (5d 5 ), 3 where SOC splits the t 2g level into two bands with pseudo spins J ef f = Apart from Sr 2 IrO 4 , the pyrochlore iridates R 2 Ir 2 O 7 (R = rare-earth) are found to be quite intriguing material where the samples show metal-insulator (MI) transition on cooling leading to an insulating ground state.
4,5
Such MI transition is expected to be associated with the interplay between SOC and electron correlations. For decades, rare-earth-pyrochlores such as Dy 2 Ti 2 O 7 or Ho 2 Ti 2 O 7 have attracted considerable attention for their unique magnetic frustration of geometrical origin which leads to spin-ice state and the formation of Dirac monopoles. 6, 7 The pyrochlore iridates are also correlated electron system showing magnetic frustration. Theoretical studies indicate that these compounds are good candidates for topological materials. The MI transition temperature (T MI ) in R 2 Ir 2 O 7 varies monotonically with the ionic radius of the R atom. 4, 12 T MI also coincides with the magnetic transition temperature (T N ) of the compounds and it is found to be second order in nature.
12 At T N , they undergo a commensurate long range order where Ir 4+ moments form a all-in-all-out configuration with all the moments pointing either toward or outward from the center of each tetrahedron. [13] [14] [15] It is to be noted that for R 2 Ir 2 O 7 , both R and Ir form corner sharing tetrahedra. Pesin 3 and IrO 2 were mixed intimately and fired at 1223 K for one day. After pressing the mixture powder into pellets, they were heated in air for 3 days at 1273 K with several intermediate grindings. The structure and phase purity of the samples were investigated by powder x-ray diffraction (XRD) using Cu K α radiation. Detailed analysis confirms the cubic pyrochlore-type phase (space group F d3m) for all the samples as depicted in fig. 2 (a) . The peaks shift to lower angle with increasing x, which is better viewed in the inset of fig. 2(a) . We have performed Rietveld refinement of the XRD data using Fullprof suit 18 and a representative fitted data is shown for x = 0.2 sample in the upper inset of fig. 2 (b) . The fitting for all the samples converges well with χ 2 lying between ∼ 2 to 1. The site occupacy of different atoms are found to be close to unity indicating the absence of any substantial site vacancies. The cubic lattice parameter (a c ) shows almost linear variation with x following Vegards law [ Fig. 2(b) ], which indicates that Sr is systematically getting substituted at the Eu site. In order to probe the grain and grain boundaries as well as any void in the sample, we studied the sample topography using atomic force microscope (Veeco-diCP II). A representative figure of a flat surface of x = 0.0 pellet is shown in the lower inset of fig. 2 (b) . From the image, the grains are clearly visible measuring about 100-300 nm. The grains are closely packed without any obvious void. Similar topography is also obtained for the other samples. The estimated mass density of the pellet of x = 0.0 sample is about 7.3 (± 10) g/cm 3 , which about 75% of the x-ray density and it is an indication of the compactness of the sample. The magnetic measurements were performed on a vibrating sample magnetometer from Cryogenic Ltd. UK, as well as on a Quantum Design SQUID magnetometer. The zero-field and in-field resistivity (ρ) were measured by four-probe method on a cryogen-free high magnetic field system (Cryogenic Ltd., U.K.) with magnetic field (H) as high as 50 kOe and within the temperature (T ) range between 2 and 300K. Heat capacity (C p ) measurement was carried out using a Quantum Design physical properties measurement system. The pure and x = 0.2 samples were also investigated through core level x-ray photo-electron spectroscopy (XPS) at room temperature using Al K α radiation on a laboratory based commercial instrument (Omicron). The sample surfaces were cleaned in situ by argon ion sputtering. Fig. 3 (a) and (b) show the spinorbit split Ir-4f core level spectra for x = 0.0 and 0.2 samples respectively. The spectrum for x = 0.2 sample shifts to higher binding energy presumably due to the presence of Ir 5+ states. The spectrum of the pure sample can be fitted with a single spin-orbit split doublet with a separation of 3.0 eV, while for the x = 0.2 sample two doublets are required to achieve good fitting. The additional weak doublet (marked in horizontal lines) occurring at a higher binding energy is likely to be connected with the minority Ir 5+ ions, 19 indicating the mixed valency in the Sr doped sample.
Figs. 4 (a-d) show the T dependence of magnetic susceptibility χ(T ) (= M (T )/H) for x=0.0, 0.1, 0.15 and 0.2 samples measured in zero-field-cooled (ZFC) and fieldcooled (FC) protocols. For the parent sample, a magnetic anomaly is observed close to 120 K, below which there is a clear bifurcation between the ZFC and FC χ and it matches well with literature. 5, 12 It is known that several Ir-pyrochlores show long range all-in-all-out type of magnetic order of Ir close to such thermo-magnetic irreversibility (i.e., the bifurcation point of FC and ZFC χ).
12, 13 The point of thermo-magnetic irreversibility is often found to be different from actual ordering temperature, however it provides a rough indication of the onset of an ordered magnetic phase. We find that the bifurcation is also present in the Sr substituted samples [figs. 4 (b-d)], and the extend of bifurcation (i.e. M F C − M ZF C ) diminishes with increasing Sr concentration. The bifurcation point also shifts to lower temperature [indicated by the arrows in fig. 4 (a-d) ], and they are found to be T IR ∼ 120, 107, 97 and 60 K respectively for x = 0.0, 0.1, 0.15 and 0.2 samples.
The T variation of heat capacity (C p ) shows a peak at 99 K [ fig. 4 (e) ] for x = 0.2 sample, which can be ascribed to be the T N of the sample. This value of T N obtained from heat capacity is higher than T IR of the sample. Notably, the feature at T N is distinct but weak. However, this weak nature is very similar to the data obtained for the single crystalline sample of Eu 2 Ir 2 O 7 .
5 . In order to rule out the possible effect of impurity responsible for the weak feature in the C p (T ) data, we calculated the magnetic entropy (S m ) as depicted in fig. 4 (e) (inset) as a function of T . In absence of suitable nonmagnetic counterpart, we have fitted the high-T data (above T N ) with the Debye heat capacity model and an electronic part (C nm (T ) = C Debye (Θ, T ) + γT , where Θ is the Debye temperature and γ is the Sommerfeld coefficient), and obtained the magnetic part, C m = C p − C nm . Subsequently, S m was calculated by using the formula
We see that S m (T ) tends to saturate above about 100 K, with a value of 34 J/mol-K. The expected value of S m for the low spin state (J ef f = 1 2 ) is much lower (∼ 11 J/mol-K). Such discrepancy may due to a poor estimation of lattice heat capacity or from an contribution from the induced moment at the Eu site. In fact our analysis of the χ(T ) data above 175 K (in the paramagnetic state), indicates a large effective paramagnetic moment (p ef f = 7.652 µ B /formula unit), which cannot be accounted by the low spin J ef f = 1 2 state. Thermo-magnetic irreversibility in a material can depend upon various factors such as disorder, magnetic anisotropy etc. In the present case, T IR albeit lies below T N , it signifies the presence of a magnetic state at least below the bifurcation point. The isothermal magnetization curves (M vs H) for all the samples measured at 4 K show linear behavior without any coercivity. As an example, the M − H curve for x = 0.0 sample for H = ± 150 kOe is depicted in fig. 4(g) , which is found to be perfectly linear even at higher fields. This does not support the spin canted ground state predicted for Eu 2 Ir 2 O 7 compounds 5 and rather indicates an antiferromagnetic (AFM) ground state for parent and doped compositions. Such conclusion is based on the fact that had it been a spin canted system, there would be a nonvanishing FM component. This would certainly be reflected in the M − H curve in the form of hysteresis and/or a tendency of saturation of M at higher values of H. On the other hand, a rise in FC χ is observed for all the samples below T IR , which is not generally expected for an AFM system. A very recent experimental work based on torque magnetometry on Eu 2 Ir 2 O 7 indicates the development of a perpendicular magnetization (M ⊥ ) of octupolar origin on application of magnetic field in the a − b plane of the crystal. 20 The rise in χ below T IR may be related to this
The MI transition in all the samples is probed by dc resistivity studies. The parent sample shows MI transition at T MI = 120 K below which the sample is insulating. Most interestingly, we found a huge but systematic decrease in T MI with the increase of doping percentage. T MI is found to be 120 K, 78 K, 38 K and 5 K for x = 0.0, 0.1, 0.15 and 0.2 samples respectively [figs. 5(a-d)]. The variation of T MI is found to be almost linear with x [ fig. 6 (a) ]. Our observation points to some important facts regarding T MI . Firstly, T MI of the samples does not directly corresponds to the magnetic transition tempera- ture. For example, x = 0.2 sample has T N close to 99 K, while T MI is far below than this. This rules out a simple Mott-Slater kind of insulating ground state of the sample. It is to be noted that T MI in R 2 Ir 2 O 7 for different R atoms corresponds exactly to their respective T N .
12
Secondly, T MI of these samples is found to be insensitive to the applied magnetic field [see inset of fig. 5 (a) and (b), for x = 0.0 and 0.1 samples respectively], which is in contrast with the the scenario of 3d system such as perovskite manganites where T MI is strongly field dependent. We have also plotted the variation of T IR with x [ fig. 6(b) ] and it is clearly seen that T IR 's for different samples lie well above T MI .
In order to rule out the effect of oxygen offstoichiometry, we annealed a sample piece (x = 0.0) in oxygen flow at 800
• C and measured ρ as a function of T . We do not find any noticeable difference in the ρ(T ) behavior before and after oxygen annealing (plots not shown hre). It turns out that oxygen off-stoichiometry, even if present to some extend, is not playing any role in altering T MI . It is to be noted that for Nd 2 Ir 2 O 7 thin films, oxygen annealing has a marked effect on the physical properties. Considering the fact that x = 0.2 sample shows MI transition at a fairly low T , we looked carefully the T dependence of ρ between 7 and 44 K. It is evident that despite the system has a metallic character, ρ does not show a clear T 2 variation [ fig. 7 (a) ] as expected for a Fermi liquid. The ρ(T ) data can be better described by an empirical T 1.5 variation as depicted in fig. 7 (b) . Clearly, there is a downward curvature at the low-T side in fig. 7 (a) , which is absent in fig. 7 (b) . We have also looked at the low temperature heat capacity data of the samples and fig.7 (c) and (d) respectively show the C p /T versus T 2 data below 20 K for x = 0.0 and 0.2 samples. We do not see any signature of T MI in the C p data for the x = 0.2 sample at 5 K. The parent sample shows a linear C p /T versus T 2 plot which is expected for a crystalline solid as total heat capacity C p = γT + β T 3 , where γT and β T 3 are respectively electronic and lattice parts. Being an AFM insulator, the curve passes through the origin, indicating that there is negligible electronic contribution to the heat capacity. The spin wave contribution towards C p for an AFM system also varies as T 3 and it is indistinguishable from the lattice part. On the other hand for x = 0.2, the C p /T versus T 2 data deviates strongly from the linear behavior below about 12 K. Such observation is at par with the non-quadratic T -dependance of the ρ data at low temperature. The magnetic contribution to C p is likely to be both AFM in x = 0 and 0.2 samples (as evident from our magnetic measurements), and the deviation from linearity in the C p /T versus T 2 data is unlikely to be associated with the spin wave contribution. Also, the spin wave part is generally negligible below 10 K (T N is of the order of 100 . Such observation clearly demonstrates that the material shows unconventional metallic character. The low T data can be fitted empirically quite well with a relation
, which indicates a logarithmic variation of the density of states at low temperature. In our fitting we find that T 0 =17.9 K, which is much higher than the T MI of the sample.
The plausible scenario for the metallicity in the Sr substituted materials is connected to hole doping which turns the sample mixed valent with the presence of both fig. 1 (b) ] . Such effects can together facilitate band overlapping leading to a more metallic behavior in the Sr doped samples.
The transitions at T MI for the doped (as well as the parent) compositions are found to be continuous (unlike pure Mott transition), and do not correspond grossly to T N . Therefore, Anderson localization type phenomenon may be the prevalent cause for the insulating ground state even for the highest doped sample. Considering the presence of finite electronic correlation, the transition may aptly be described as an Anderson-Mott type.
24
One of the important observations is the non-Fermi liquid behavior of the highest doped sample (x = 0.2) as evident from both ρ and C p studies. The sample is already in the magnetically ordered state and proximity to a quantum critical point can be ruled out for NFL behavior. In addition, it is unlikely for quantum fluctuation to dominate over thermal fluctuation at 10 K (the temperature below which NFL state is observed). Despite the metallic nature down to 5 K in x = 0.2, the absolute value of ρ is high. The Mott-Ioffe-Regel (MIR) value of minimum conductivity of a metal is given by σ min = 0.03e 2 / r nn , 25 where r nn is the nearest neighbor atomic distance and for pyrochlore structure it is (a c /4) √ 2. For x = 0.2 sample, the maximum metallic resistivity ρ max (reciprocal of σ min ) turns out to be 4.8 mΩ-cm, which is lower than the experimentally observed ρ even at 5 K with out the signature of resistivity saturation. Such bad metals violating the MIR rule are not uncommon among correlated electron systems including high T C cuprates, ruthenates, nickelates and doped fullerides.
26-29 and a mutual interplay between disorder and correlation has often been attributed to the effect. Notably, the MIR formula had been primarily derived for disordered solids (so called bad metals) and is equally applicable for polycrystalline sample with grain and grain boundaries.
30
The deviation from an FL ground state and the violation of MIR rule can be thought to be inter-correlated, 26 however it is not universally supported by the experimental observations. 31 There are examples of bad metals among ruthenates which show FL characteristics.
27,32
The metallic NFL behavior is conjectured theoretically in a correlated disordered system prior to an Anderson-Mott type MI transition. 33 The situation might be more exciting in these doped Eu 2 Ir 2 O 7 compositions where SOC is also important in addition to U . The presence of NFL state in correlated electron system with SOC (such as pyrochlore iridate) has been argued by Moon et al. 17 In our study, the NFL behavior is only observed in the doped composition and this may be an indication of the role of disorder towards the observed deviation from FL. In fact, NFL behavior in the metallic phase of SrIrO 3 thin films is attributed to the strain induced disorder.
34
Effect of disorder is well documented in Kondo lattice systems, where a distribution of Kondo temperature can lead to an NFL ground state. 35 Since, SOC in Ir 4+ is higher than Ir 5+ ion 22 , one can have a spatial distribution of SOC over the doped sample, which can be held responsible for the NFL behavior.
Summarizing, we find a systematic change in the metal-insulator transition temperature on hole doping in Eu 2 Ir 2 O 7 . From our sample characterization by atomic force microscope, these polycrystalline ceramics samples are found to be made up of closely packed grains without much void spaces. The careful analysis of the x-ray diffraction pattern also indicate full site occupancy of the atoms at the crystallographic positions. The oxygen offstoichiometry can also be ruled out for the change in T MI , as additional oxygen annealing has little or no effect on the metal-insulator transition. The x-ray photoemission spectra indicate clear presence of Ir 5+ , which is playing an important role in determining ground state electronic and magnetic properties. We find that the system violets the Mott-Ioffe-Regel value of minimum conductivity for disordered bad metals, which indicates that the strong electronic correlation in presence of disorder is operating here. The most important observation is the NFL behavior in case of x = 0.2 sample. Such deviation from the regular FL ground state cannot be ascribed to polycrystalline nature of the sample (grain, grain boundaries or other dislocations), as it is absent in the parent compound. We opine that the random distribution of Ir
4+
and Ir 5+ ions in the sample provides a spatial variation of spin-orbit coupling strength, which in turn provides multiple renormalization coefficients for the interacting electrons to be mapped on a simple non-interacting DrudeSommerfeld model to form the FL state. Such multiplicity as a whole breaks the FL state, and an NFL state emerges out. The NFL state, thus indirectly depends upon the disorder at the atomic level, but not on the bulk disorder. It resembles the Kondo disorder model of some heavy fermion alloys showing NFL, where a distribution Kondo temperature (as compared to SOC energy scale in the present case) breaks the FL state.
